Although the sweet potato, Ipomoea batatas, is the seventh most important crop in the world and the fourth most significant in China, its genome has not yet been sequenced. The reason, at least in part, is that the genome has proven very difficult to assemble, being hexaploid and highly polymorphic; it has a presumptive composition of two B 1 and four B 2 component genomes (B 1 B 1 B 2 B 2 B 2 B 2 ). By using a novel haplotyping method based on de novo genome assembly, however, we have produced a half haplotype-resolved genome from ~267Gb of paired-end sequence reads amounting to roughly 60-fold coverage. By phylogenetic tree analysis of homologous chromosomes, it was possible to estimate the time of two whole genome duplication events as occurring about 525,000 and 341,000 years ago. Our analysis also identified many clusters of genes for specialized compounds biosynthesis in this genome. This half haplotype-resolved hexaploid genome represents the first successful attempt to investigate the complexity of chromosome sequence composition directly in a polyploid genome, using direct sequencing of the polyploid organism itself rather than of any of its simplified proxy relatives. Adaptation and application of our approach should provide higher resolution in future genomic structure investigations, especially for similarly complex genomes. 
Introduction
With a consistent global annual production of more than 100 million tons, as recorded between 1965 and 2014 (FAO) , the sweet potato Ipomoea batatas, is an important source of calories, proteins, vitamins and minerals for humanity. It is the seventh most important crop in the world and the fourth most important crop of China. In periods of shortages of basic cereal foods, Ipomoea batatas frequently served as the main food source for many Chinese. It rescued millions of lives during and after three years of the Great Chinese Famine in the 1960s and was subsequently raised as a main guarantor of food security in China.
Although the sweet potato is such as outstanding crop, its genome has not yet been sequenced.
The reason, at least in part, is that the genome has proven very difficult to assemble, being hexaploid (2n = 6x = 90) and highly polymorphic; with a base chromosome number of 15 and a genome size of about 4.4 Gb, as estimated from its measured C-value (Ozias-Akins and Jarret 1994). Sweet potato has a composition of two B 1 and four B 2 component genomes (B 1 B 1 B 2 B 2 B 2 B 2 ) , as predicted by genetic linkage studies using RAPD and AFLP markers (Ukoskit and Thompson 1997; Kriegner et al. 2003) . The degree of homology, however, could not be estimated with accuracy since its genomic components are still largely poorly characterized. Recently, the genome survey sequencing of Ipomoea trifida, the most probable diploid wild relative of Ipomoea batatas, has been reported. Unfortunately, the current version of the Ipomoea trifida genome cannot serve as a reference sequence for Ipomoea batatas because of the low N50 value of its assembly, which is ~36 Kbp, and even more because of the high abundance of gaps in the assembly, estimated at more than 30 percent (Hirakawa et al. 2015) . This example also points out the problems inherent in the usual circuitous tactics employed in polyploid genome sequencing projects, which always begin with simpler diploid relatives. For example, sequencing of the autotetraploid potato (Solanum tuberosum) employed a homozygous doubled-monoploid potato (Consortium 2011) . Allotetraploid Upland cotton (Gossypium hirsutumdi, AADD) (Li et al. 2015) began with diploid Gossypium raimondii (DD) and Gossypium arboreum (AA) (Li et al. 2014) . Comparably, the sequencing of allohexaploid bread wheat (Triticum aestivum, AABBDD) was initiated by sequencing the genomes of Triticum urartu (AA) (Ling et al. 2013) and Aegilops tauschii (DD) (Jia et al. 2013) , but is still struggling with the precise sequencing of isolated chromosome arms (Choulet et al. 2014; Consortium 2014) . All in all, a more cost-effective strategy and one that promises more efficient output for the direct sequencing of complex polyploid genomes is needed , especially for plant scientists, since polyploidy is a frequent and naturally-occuring state in plants. Although the full genetic implications of polyploidization are still obscure, it is clear that this state provides an important pathway for plant evolution and specialization. For the plant genome investigator, however, it remains a major problem.
De novo assembly of polyploid genomes remains a critical unsolved technical problem. The high heterozygosity that comes from the presence of three to six or even more copies of the monoploid genome will always hinder the genome assembly process, even with state-of-the-art assembling tools such as Platanus (Kajitani et al. 2014) , MaSuRCA (Zimin et al. 2013 ) and SOAPdenovo2 (Luo et al. 2012 ). The reason is that genome assembly focuses on the vast majority of bases that are invariant across homologous chromosomes; since these invariant regions are intermittent along the whole chromosome, the result is fragmentation in polyploid assembly. To address this problem, one can separately sequence each chromosome using isolated chromosome arms as reported in the wheat genome project (Choulet et al. 2014; Consortium 2014) . The chromosome isolation technique, however, is tedious and has a long way to go before it is routine. Nevertheless, this strategy has inspired bioinformaticians to develop new tools for assembling each pair of homologous chromosomes separately. In contrast, with genome assembly, the haplotyping process pays more attention to DNA sequence differences among homologous chromosomes. Haplotyping of the human individual genome itself, however, poses its own challenges and the methods are costly, time consuming, and labor intensive (Duitama et al. 2011; Cao et al. 2015; Snyder et al. 2015) . Since the distance of the adjacent variants between paternal and maternal chromosomes in humans is normally in the kilobase range (Consortium 2005) , it is beyond the capacity of current costeffective sequencing platforms to cover at least two variant positions in most cases.
Nevertheless, human haplotyping studies have already indicated that genome assembly and accurate haplotyping are tightly linked (Cao et al. 2015) . Unfortunately, the computational phasing problem in polyploidy is considerably harder than for a diploid organism because in the polyploid case one cannot make inferences about the "other" haplotype once one has seen the first (Aguiar and Istrail 2013; Berger et al. 2014 ).
Our initial sequencing of the Ipomoea batatas genome revealed that the distance between adjacent polymorphic sites is roughly one tenth of the distance in the human genome. Based on previous statistics, there are approximately ~14 million polymorphic sites in the estimated 700~800 Mb monoploid genome of Ipomoea batatas. This means that, on average, one read (100~150bp length) from Illumina sequencing will cover 2~3 polymorphic sites. This density of such sites should permit phasing the Ipomoea batatas genome, employing cost-effective Illumina paired-end sequencing. While the high heterozygosity of Ipomoea batatas makes genome assembly more challenging, it simultaneously makes haplotyping easier.
Here we report the development of computational tools to derive a genomic sequence from a polyploid species and one that is phased to a large degree. The haplotype-resolved de novo assembly of the Ipomoea batatas genome was generated entirely based on Illumina sequencing data. The final ~824 Mb assembly has a scaffold N50 of ~86 kb (Table 1) . The entire number of scaffolds was 43,797 and their lengths varied between 3,92 to 803,129 bp. Altogether, there were 2,708 scaffolds longer than 86 kb. In total, 67,627 gene models were extracted and 76 gene clusters were identified. Furthermore, this consensus genome was phased into six haplotypes in 665,680 regions. Via phylogenetic analysis of these haplotypes, a hypothesis of the origin of modern cultivated Ipomoea batatas could be proposed and examined. In addition, the analysis permitted the estimation of the times of two recent genome wide duplication events; these were placed at approximately 525,000 and 341,000 years ago. 
Results

Sequencing data generation
A newly bred carotenoid-rich cultivar of Ipomoea batatas, Taizhong6 (China national accession number 2013003), was used for genome sequencing (Figure 1 
Initial assembly of consensus genome
A heterozygosity-tolerant assembly pipeline, combining de Bruijn (Peng et al. 2012 ) and OLC (Margulies et al. 2005 ) graph strategies, was employed to carry out the hexaploid genome assembly of Ipomoea batatas, using error corrected Illumina reads (see Methods section). A total length of ~870 Mb, mainly representing the monoploid genome, was assembled using this pipeline, with the largest scaffold being 3.7 Mb (corresponding to a completely assembled endophyte Bacillus pumilus genome). The second largest scaffold, which harbors 54 genes, 
Variant calling
All the Illumina raw reads were mapped back to all scaffolds of preliminary assembly (Table 1) .
After removing the PCR duplications, there were 1,389,994,016 mapped reads in the final bam file for variant-calling using freebayes (Garrison and Marth 2012) . In total, there were These findings confirmed our earlier conclusion that the Ipomoea batatas genome is very heterozygous with, on average, one polymorphic site every ~60 bp and a median distance of 21bp between polymorphic sites. The distance distribution peaked at 6 bp and only 8%
(1,130,678/14,011,389) observed distances are longer than 150bp ( Figure 2b ). This forms the basis for phasing haplotypes using 100 to 150 bp Illumina reads. A high correlation (r = 0.975) between "Number of variations" and "Scaffold length" was found after excluding the endophyte genome ( Supplementary Figure 4) , which increases our chances for phasing the scaffolds. 
Phasing of haplotypes
For phasing, we developed an algorithm that assigns reads in a seed region of polymorphic sites to six presumptive haplotypes. For example, three polymorphic sites with two alleles each would give rise to eight combinations. Sequencing errors, however, could artificially inflate the number of hypothesized haplotypes. Thus, we looked for six haplotypes that have the most support in terms of sequencing reads (See method section and Figure 3 ). Haplotypes can be identified from combinations of alleles over many polymorphic sites that are connected in a read. Our algorithm looks for combinations of two, three, and four polymorphic sites. These phased regions were then extended continuously by searching for elongation of individual haplotypes. Finally, 602,450 regions were found and ~40% of the genome was phased in to six haplotypes. These haplotypes could be further extended by connecting paired-end reads. Part of the paired-end reads link haplotypes within one assembly scaffold, while other paired-end reads connect haplotypes from different scaffolds which can then be used for "HaplotypeImproved assembly". Step 1: Searching all possible seeds using different seed lengths. As an example, seed length 3 is shown here.
Step 2: Selecting 6 highest supported seeds from all seeds found in previous step, gray color indicates less supported or hypothesized seeds.
Step 3: Extension of particular seed based on supporting fragments. Reference: Only variant positions in each scaffold were extracted as reference and coded as 0. Fragment: Only variant positions in each read were extracted as fragment and coded by 0~5 based on variation in particular position. Paired-end information was not used here. Seeds: Highest supported 6 seeds which can be used for distinguishing homologous chromosome regions. Haplotype: One haplotype represents a certain region in one chromosome.
Haplotype-Improved assembly (HI-assembly)
All the Illumina raw reads were mapped against haplotype sequences generated by the phasing step. Only perfectly matched paired-end reads were considered as haplotype connections. The inter-scaffold and intra-scaffold connections were separated for haplotype-based scaffolding and haplotype elongation, respectively. We identified redundancy in the preliminary assembly based on exhaustive comparisons among scaffolds. If one scaffold was already covered by another longer scaffold with more than 85% sequence identity and more than 85% sequence length, the shorter one was removed. The largest scaffold in preliminary assembly, the endophyte Bacillus pumilus genome, was also excluded. After these procedures, there were 61,118 remaining scaffolds, of total length of 822,598,598 bp, with 64,561 bp N50. Then these scaffolds and haplotype-based connections were used as input files for the scaffolding software SSPACE (Boetzer et al. 2011) . Gap sizes between connected scaffolds were estimated and super scaffolds were generated as the HI-assembly. The final assembly N50 of this consensus genome was ~86 kb ( Table 1 ). The total number of scaffolds was 43,797 and lengths varied between 392 to 803,129 bp. There were 2,708 scaffolds longer than 86 kb. When the contigs in preliminary assembly were mapped against the HI-assembly, one third of these contigs could be mapped back to full length though allowing for a fairly large number of mismatches. These contigs probably constitute particular haplotypes (Supplementary Figure 5) . Using a similar scenario for removing redundancy in scaffolds, there were 41,487 remaining contigs, with a total length of ~14 Mb (Table 1 ). The HI-assembly serves as our final assembly, which we annotate, use for final phasing of haplotypes, and from which we trace the evolution of the Ipomoea batatas genome. 
Supplementary
Genome annotation and cDNA validation
There were 67,627 gene models extracted by StringTie (Pertea et al. 2015) after six transcriptome data sets (see methods) were mapped to the HI-assembly. To validate the predicted gene models from transcriptome data, 10,063 expressed sequence tags (ESTs) were generated by Sanger sequencing. These sequences were then mapped to the genome for validation of the predicted gene models. Of these, 9032 were located correctly and found to match the predicted gene models. We also mapped another 454 sequencing data set (Schafleitner et al. 2010) was employed to identify repeat sequences in the present genome. The repeat sequence classifications are summarized in Table 3 . The horizontally transferred T-DNAs reported by Kyndt, T. et al. were also investigated in the assembly (Kyndt et al. 2015) . We found multiple copies of these T-DNAs suggesting that the horizontal gene transfer event has happened before hexaplodization of Ipomoea batatas (T-DNA1, NCBI Accession: KM052616, hits Scaffold171 and scaffold20897 and T-DNA2, NCBI Accession: KM052617, hits scaffold4674, scaffold4202 and scaffold121). 
Gene cluster identification
The discovery of operon-like gene clusters in plant genomes has prompted attempts to decode the regulatory mechanism in plant specialized compound biosynthesis (Nützmann and Osbourn 2015) . Gene clusters of paralogous genes have been identified in a wide range of species including maize, lotus, cassava, sorghum, poppy, tomato, potato, rice, oat and Arabidopsis (Boycheva et al. 2014; Fernie and Tohge 2015) . In the present case, the Ipomoea batatas genome, four 6~7-gene clusters for alkaloids (Figure 4 , GC002, GC006, GC014 & GC024), three 6~8-gene clusters for terpenes (Figure 4 , GC001, GC005 & GC031), and a 6-gene cluster for cellulose (Figure 4 , GC028) were identified by searching orthologous genes using Exonerate (Slater and Birney 2005) . In addition to the gene clusters shown in Figure 4 , there were 68 more gene clusters found in the current genome assembly (Supplementary Table   2 ). The results indicate that pathway regulation via clustered genes is commonly used in 
Updating and validation of haplotypes
Based on HI-assembly, we applied our phasing procedure a second time and phased 665,680 regions into 1,858,352,820 bp haplotype sequences. Thus, the new assembly leads to extended haplotypes in 10.5% more regions and a 12.9% improvement of total length. We validated these final haplotypes using a set of 454 reads (Supplementary Table 1 
Phylogenetic analysis of homologous chromosomal regions
Phylogenetic analysis was applied to the final haplotype-resolved genome. All the regions phased into six haplotypes were used for constructing UPGMA (Unweighted Pair Group Method with Arithmetic Mean) trees with the MEGA-Computing Core (Kumar et al. 2012) . We generated 665,680 phylogenetic trees and determined their distribution over the six possible tree topologies explaining the evolution of the six haplotypes. The topology grouping of two haplotypes versus four haplotypes is the majority class. Furthermore, among the 4-haplotypes subgroup, 2 versus 2 dominates (Supplementary Figure 7) . The average branch lengths of these 2:4-2:2 trees were obtained and a consensus tree was constructed (Figure 5a ). These results suggest two whole genome duplication (WGD) events in Ipomoea batatas history together with a further diversification of the B 2 subgenome (Figure 5b ). Assuming a mutation rate of 0.7% base pairs per million years (Ossowski et al. 2010) , the tetraploid progenitor of The time points of B 2 subgenome specialization and two whole genome duplication events were estimated as 891,000, 525,000 and 341,000 years ago. kya, a thousand years ago. Estimation based on 0.7% mutation rate per million years. Dashed curve indicated the crossing between diploid and tetraploid progenitors.
Discussion
Here, we have reported the generation of sequencing data and the development of the necessary algorithms to compute long haplotype segments for the Ipomoea batatas genome.
Based on an initial assembly and phasing, the computational process was repeated, yielding an improved assembly and extended haplotypes. In principle, haplotype phasing and haplotypeaided assembly can be iterated further to improve both results. In the present work, we only updated haplotypes based on the HI-assembly and observed remarkable improvements in terms of more phased regions and longer haplotype length. Optimization of the whole pipeline with iteration is now under way. Paired-end reads have been employed to extend haplotypes both within and across assembly scaffolds. Overall, high quality assembly and phasing can now be achieved with a comparatively low investment in sequencing (two runs on a HiSeq 2500 and two runs on a NextSeq; see Supplementary Table 1) but increased computational effort, both in terms of algorithm development and sheer computational power. Although the reconstruction of entire chromosomes remains out of reach by this methodology and is still reserved for alternative approaches including long-read sequencing technologies, many evolutionary questions regarding the ancestry of polyploid organisms can now be tackled using the methodologies we have developed. For the Ipomoea batatas genome, we have shown, based on the available haplotype alignments, that the majority of computed phylogenetic trees groups two haplotypes versus four, the latter being in turn symmetrically grouped into two and two.
Although the different haplotype alignments obtained by our data and analysis do not allow identification of the full set of chromosomal connections among the segments, this phylogenetic pattern dominates. It is in agreement with a scenario in which modern cultivated Ipomoea batatas originated from a cross between a diploid progenitor and a tetraploid progenitor, followed by a whole genome duplication event. The precise timing of these evolutionary events, however, relies on an estimation of the average mutation rate for which we utilized the mutation rate reported for Arabidopsis (Ossowski et al. 2010) . Nevertheless, we have demonstrated the power of phylogenetic analysis of the haplotypes derived by our approach in the reconstruction of the evolutionary history of Ipomoea batatas. Applied to the polyploidization of plants in general, phylogenetic analysis based on haplotype reconstruction could prove to be the most reliable way to study the origin of each set of chromosomes in complex polyploid genomes.
Our seed-based computational approach has thus proven successful on this very heterozygous genome, even with only short sequencing reads. This half haplotype-resolved hexaploid genome represents the first successful attempt to investigate the complexity of chromosome sequence composition directly in a polyploid genome, using direct sequencing of the polyploid organism itself rather than of any of its simplified proxy relatives. Adaptation and application of our approach should provide higher resolution in future genomic structure investigations, especially for similarly complex genomes. The pipeline presented here has a high degree of flexibility, which can be employed with many kinds of sequencing technologies and is almost ready to use for haplotyping tasks in a wide range of research programs. We are, of course, working on further improvements. With the availability of longer reads in the future, the same computational philosophy should be applicable for phasing of genome segments in other polyploid organisms, even when the density of polymorphic sites is lower.
Methods
Genome sequencing and assembly
A newly bred carotenoid rich cultivar of sweet potato (Ipomoea batatas), Taizhong6, whose
China national accession number is 2013003, was selected as the target cultivar. Total genomic DNA was isolated from in vitro cultured plants as reported method (Kim and Hamada 2005) . In total, five sequencing libraries were constructed and sequenced on Hiseq 2500, Nextseq 500
and GS FLX+ platforms (Supplementary Table 1 Figure 2) . In the second run, all the scaffolds from the first run were rescaffolded with a library median insert size of 6000 allowing huge standard deviations (6000±6000). It will therefore connect scaffolds in previous step using information from longer mate pairs presented in the MP library.
e) Gap-closing using all corrected illumina reads (PLATANUS GapCloser).
The detail information of the pipeline presented in this paper can be found in Supplementary Note.
Haplotyping algorithm and pipeline
All the Illumina raw reads were mapped back to all scaffolds using BWA (Version 0.7.12-r1039).
PCR amplification duplicates were removed via Samtools (Version 0.1.19-44428cd). Freebayes (Version 0.9.14-19-g8a407cf) was employed for variant calling in the hexaploid genome.
For haplotyping, our method takes FASTA, SAM and VCF formatted files as inputs. We base the reconstruction on seed regions, which are small sets of polymorphic sites. For example, 3 polymorphic sites with 2 alleles each, would allow for up to 2x2x2=8 haplotypes. Only a subset of those will be supported by reads. The algorithm searches for all possible seed regions containing six or more sequence patterns. Seeds, however, can be interleaved. Haplotypes in a 
Haplotype evaluation using 454 reads
To evaluate the haplotyping accuracy, we have used a set of 454 (Supplementary Table 1, A454) reads that had been produced earlier but was not utilized for assembly or phasing. Each 454 read can be considered as a short DNA fragment from one chromosome, except for some chimeric reads in rare cases. Roche 454-trimmed reads were mapped against HI-assembly.
Only the polymorphic sites indicated by variant calling were extracted and their overlaps with haplotypes were evaluated. The "Match" and "Mismatch" sites of each overlap were recorded for further analysis and visualization.
HI-assembly and variant correction
A python script is employed to convert all inter-scaffolds connection information into SSPACE tab format. Exhaustive comparisons among scaffolds using blast were employed to identify and remove redundancy in scaffolds. If one scaffold is already covered by another longer scaffold with more than 85% sequence identity and more than 85% sequence length, the shorter one was removed. Additional manual checking of long candidates (>10kb) via Circos visualization was also included. Finally, the non-redundant scaffold sequences without the endophyte Bacillus pumilus genome, were employed as input scaffolds to SSPACE (Version 3.0) for scaffolding. The library settings for SSPACE scaffolding were based on the insert size distribution of all paired-end libraries (Supplementary Figure 2) .
We refined variants according to phased haplotypes. There are three possibilities for one phased variant: (1) all six haplotypes covered the variant, (2) some of the haplotypes covered the variant, and (3) the variant was located outside of haplotype blocks. There is insufficient information to update alleles in the second and third categories. Our method distinguishes the first group from the other two and categorizes its members in the following subgroups: (a) all alleles are the same and (b) the alleles are different. The first subgroup is put aside as an error in variant calling, which means that there is insufficient support to consider this position as a variant position. We therefore removed the variant calling result of this position from the original VCF file. For the second group, our method ranks alleles firstly based on the number of supporting haplotypes, secondly according to the number of supporting reads. Then the first allele is picked as a reference allele and the rest are considered as alternative alleles.
Genome annotation
Six transcriptome data sets from four previous studies (Wang et al. 2010; Tao et al. 2012; Firon et al. 2013 ) and two additional RNA-seq experiments were mapped on scaffolds using HISAT (Version 0.1.5-beta, Kim et al. 2015) . These transcriptome data represented different plant tissues such as leaves, petioles, stems, and roots from different development stages. All gene models were extracted by StringTie (Pertea et al. 2015) . The obtained transcripts were further annotated using homologous protein searching in public database Tair and Uniprot.
NCBI proteins from Nicotiana sylvestris, Nicotiana tomentosiformis, Solanum indicum, Solanum tuberosum, Solanum lycopersicum, Nicotiana tabacum and Sesamum indicum genomes were mapped against the present genome of Ipomoea batatas, using SPALN (Iwata and Gotoh 2012) (Version 2.2.0). All aligned protein locations were considered as potential genes in HI-assembly.
RepeatMasker (Version open-4.0.5) was used to mask and classify repeat sequences in the genome. RepeatModeler (Version 1.0.8, Smit and Hubley) was employed to identify novel repeat sequences.
Phylogenetic analysis
A python script was employed to extract alignments from all phased regions. MEGA-Computing
Core (Kumar et al. 2012 ) was utilized to compute all the phylogenetic trees of extracted alignments on computer farm. Trees were classified into groups based on their topology structures and average haplotype lengths in these groups were compared. The dominant tree structure was selected and a consensus tree with average branch lengths was obtained.
Data accessibility
The Ipomoea batatas genome sequence, including consensus scaffolds, haplotype-resolved scaffolds, and unplaced contigs, are publicly available at the Ipomoea batatas genome browser http://public-genomes-ngs.molgen.mpg.de/SweetPotato/. Two transcriptome data sets and one sequenced cDNA library are also available for download. cDNA clone delivery is also possible upon request. The HI-assembly and the WGS raw data have been deposited with European Nucleotide Archive (ENA) under project number PRJEB14638 and National Center for Biotechnology Information (NCBI) under project number PRJNA301667.
